A fundamental yet poorly understood aspect of gene regulation in eukaryotic organisms is the mechanisms that control allelic exclusion and mutually exclusive gene expression. In the malaria parasite Plasmodium falciparum, this process regulates expression of the var gene family-a large, hypervariable repertoire of genes that are responsible for the ability of the parasite to evade the host immune system and for pathogenesis of the disease. A central problem in understanding this process concerns the mechanisms that limit expression to a single gene at a time. Here, we describe results that provide information on the mechanisms that control silencing and single gene expression and differentiate between several models that have recently been proposed. The results provide the first evidence, to our knowledge, supporting the existence of a postulated var-specific, subnuclear expression site and also reinforce the conclusion that var gene regulation is based on cooperative interactions between the two promoters of each var gene. Keywords: malaria; antigenic variation; allelic exclusion; silencing; transcription EMBO reports (2007) 8, 959-965.
INTRODUCTION
One of the most interesting yet poorly understood aspects of gene regulation in eukaryotic organisms is the process by which cells choose to express only a single member among many within a family of multiple, functionally equivalent genes. This type of gene regulation is responsible for allelic exclusion of immunoglobulin genes in B cells (Corcoran, 2005) , single odorant receptor gene expression (Serizawa et al, 2004) , genetic imprinting (Arney et al, 2001 ) and X-chromosome inactivation in female mammals (Okamoto et al, 2004) . Although considerable progress has been made in recent years in understanding certain features of these regulatory pathways, many aspects remain ill-defined. In addition, most work has focused on mutually exclusive expression in higher eukaryotes, in particular, in model organisms such as mice or fruitflies.
Plasmodium falciparum, the parasite responsible for the most severe form of human malaria, invades circulating red blood cells, resulting in severe anaemia and circulatory disruption due to vascular obstruction. During its replication in the red blood cell, parasites modify the host cell, placing a cytoadherence protein called PfEMP1 on the infected cell surface (Kyes et al, 2001) . Different antigenic forms of PfEMP1 are encoded by different members of the multicopy var gene family. PfEMP1 expression enables P. falciparum-parasitized red blood cells to sequester in the small venules of deep tissue vascular beds and avoid destruction by the spleen, while expression switches between individual var genes allow the parasites to evade antibody responses against PfEMP1 and thereby produce a persistent infection. Crucial to this process of cytoadhesion and antigenic variation is the absolute requirement that each individual parasite expresses only a single var gene at a time; for this, parasites have evolved a mechanism of strict, mutually exclusive, var gene expression analogous to that described for certain genes in higher eukaryotes. However, in contrast to expression patterns that are typically irreversible in the somatic lines of those systems, malaria parasites have the ability to repeatedly switch var gene expression during the course of an infection.
Expression of var genes is regulated at the level of transcription initiation (Scherf et al, 1998) , but little is understood of var promoter recognition or of the mechanisms by which mutually exclusive expression is controlled. One model to explain this process postulates that a var-specific, subnuclear expression site exists in the parasite nucleus, and that by limiting access to a single gene at a time, mutually exclusive expression is achieved (Merrick & Duraisingh, 2006) . A similar hypothesis has been proposed for monoallelic variant surface glycoprotein (vsg) gene expression in African trypanosomes (Chaves et al, 1998; Navarro & Gull, 2001) . Although this is an intuitively attractive model, until now it has not been possible to show whether such an expression site exists, or what role, if any, it might have in controlling var gene expression. Other proposed models have incorporated promoter-promoter interactions or the involvement of noncoding RNAs in coordinating var gene regulation; however, these hypotheses remain controversial.
Here, we explore these hypothesized models using transgenic parasite lines in which var gene expression can be manipulated using drug selection, and in which specific var loci have been tagged for visualization by fluorescent in situ hybridization (FISH). The data show that cooperative interactions between two promoters found in each gene are required for both silencing and mutually exclusive expression. Disruption of these interactions results in simultaneous expression of several var genes in the same parasite, thus definitively showing the necessity of cooperative regulatory elements in var gene regulation. Furthermore, heterologous promoters can act in place of var intron promoter elements for cooperative regulation, providing information on the silencing mechanism. Simultaneously active var genes colocalize within the nucleus, providing strong evidence for a postulated subnuclear expression site, but also suggesting that it is capable of accommodating several transcriptionally active var promoters.
RESULTS AND DISCUSSION
A second promoter is required for var gene silencing Several previous studies have implicated the intron found in all var genes in the epigenetic silencing of var gene expression (Deitsch et al, 2001a; Calderwood et al, 2003; Gannoun-Zaki et al, 2005; Frank et al, 2006) . One possible mechanism for this silencing effect is the classic model of a repressor-binding site existing within the intron that is bound by proteins either preventing transcription complexes from accessing the upstream var promoter, or recruiting chromatin modifiers, which results in the assembly of a silent chromatin state. However, it was also shown that var introns have independent promoter activity and that deleting the part of the intron containing this promoter disrupts the silencing properties of the intron (Calderwood et al, 2003) . These observations indicate a possible alternative model for the mechanism that underlies the silencing effect of the intronnamely, that it is the promoter activity itself rather than the DNA sequence that is responsible for the ability of the intron to silence a var gene. To test this hypothesis, we created a series of plasmid constructs in which we placed any one of several, unrelated P. falciparum gene promoters in close proximity to a var promoter that drives expression of a firefly luciferase reporter gene. We found that the P. falciparum heat-shock protein 86 (hsp86) promoter and promoters for genes such as histidine-rich protein 2 (hrp2) and ribosomal RNA somehow interact, either directly or indirectly, with a var upstream promoter, resulting in cooperative silencing similar to that observed with the var intron (Fig 1) . Moreover, as previously observed for cooperative interactions with a var intron promoter (Deitsch et al, 2001a) , silencing in all cases was S-phase-dependent, strengthening the conclusion that it is the promoter activity of these sequences that contributes to the epigenetic processes responsible for silencing.
The ability of promoter activity, rather than simple DNA sequence elements, to participate in epigenetic silencing is not Plasmid constructs carry either a 'free' var promoter (pVLH) or a var promoter paired with a var intron promoter (pVLH/int), the hrp2 promoter (pVLH/hrp), the hsp86 promoter (pVLH/hsp86) or the rRNA promoter (pVLH/rRNA). Luciferase activity was measured in transfected synchronized parasites (B) before S phase, or (C) after proceeding through at least one S phase. S-phase dependence was determined as described previously (Calderwood et al, 2003) . Error bars represent calculated standard deviations. hrp2, histidine-rich protein 2; hsp86, heat-shock protein 86; rRNA, ribosomal RNA.
Expression of virulence genes by malaria parasites R. Dzikowski et al without precedent. Replacement of promoters in the X-inactivation centre of mammalian X chromosomes with heterologous promoters from elsewhere in the genome does not disrupt silencing or counting, but can influence choice (Stavropoulos et al, 2001) . Our data also provide a possible explanation for var upstream promoter silencing in the absence of a var intron that was recently reported (Voss et al, 2006) . The plasmids used in this study also carried an hsp86 promoter (for expression of a drug-resistant cassette) in the neighbourhood of the var upstream promoter. As a consequence, the plasmids were subjected to cooperative silencing from promoter-promoter interactions similar to that observed for the constructs in the experiments shown in Fig 1, thus potentially rendering the intron redundant and unnecessary for silencing.
Cooperative interactions and var gene recognition
An additional question for understanding P. falciparum antigenic variation concerns how var genes are recognized by the mechanism that controls mutually exclusive expression. Previous work has shown that this mechanism normally restricts expression to a single var upstream promoter at any point in time, regardless of whether it is a transgenic promoter on an episome or an endogenous promoter in the chromosome Voss et al, 2006) . In addition, analysis of concatameric episomes suggested that strict one-to-one pairing between var upstream and intron promoters is required not only for silencing, but also for var gene recognition and mutually exclusive expression . This is in contrast to a model recently proposed by Voss et al (2006) , who reported that parasites are able to express only a single var upstream promoter at a time, regardless of intron pairing. As discussed above, however, the var promoters examined in those experiments might have been interacting with a neighbouring hsp86 promoter, and thus might not in fact have been 'unpaired'. In an attempt to determine definitively whether a 'free' var promoter is indeed recognized by the P. falciparum allelic exclusion mechanism, we carried out experiments using a plasmid (pVBH; Fig 2A) in which an upstream var promoter was truly isolated from other sequences that could influence its transcriptional activity. Because the blasticidin S deaminase (bsd ) cassette in pVBH is driven by this var promoter, blasticidin selection of transfected parasites ensured that all parasites in the drug-selected population contained an active episomal var promoter. Analysis of transcription of the entire var gene family in these transfected parasites detected active transcription of the episomal bsd gene along with two endogenous var genes (PF07-0049 and PFD1005c; Fig 2B) , confirming that the 'unpaired' episomal var promoter was not recognized by the mechanism controlling mutually exclusive A possible criticism of the above experiments is that the var promoter in pVBH had been selected by drug pressure to be active, so its default state of transcriptional activity thus might not have been accurately observed. To address this possibility, we carried out additional experiments with a plasmid containing two var upstream promoters, one paired with an intron and the other not paired and therefore constitutively active (pVLH/IDH-FP; Fig 3A; Frank et al, 2006) . In transfectants carrying this plasmid, it was therefore possible to measure luciferase messenger RNA levels from an unpaired var promoter that had not been under direct selection. This plasmid was transfected into parasites that had been previously engineered by allelic replacement to carry a bsd cassete at var locus PFB1055c (Fig 3B; Dzikowski et al, 2006) . The recombinant var promoter driving bsd expression at this locus is paired with the endogenous intron, and previous work has shown that it is recognized and subjected to mutually exclusive expression .
Results from the pVLH/IDH-FP transfectants free of blasticidin pressure showed both active luciferase transcription from the constitutively active plasmid promoter and high levels of transcription from the endogenous var gene PFD1015c (Fig 3C) . This suggests that the unpaired promoter was not recognized by the exclusive control mechanism and that more than one var promoter was transcribed in individual parasites. When the pVLH/ IDH-FP-transfected parasites were subjected to blasticidin selection, only those parasites that switched to bsd expression under the PFB1055c promoter were able to survive. In these parasites, expression of PFD1015c and all other chromosomal var genes were silenced (Fig 3C) , indicating that the endogenous var promoter driving bsd expression that is paired with an intron is recognized and expressed in a mutually exclusive manner. Nevertheless, these parasites continued to express high levels of luciferase (Fig 3D) .
To validate further that both var promoters were, in fact, simultaneously active in the same cell, RNA-FISH was carried out to detect active transcription of both bsd and luciferase in individual nuclei. These experiments detected both var promoterdriven transcripts in 30 out of 30 nuclei examined (Fig 4A, lower  panel) , confirming that a var promoter that is separated from its intron (or other paired promoter activity) remains active in the presence of an actively transcribed endogenous var locus, and thus is not recognized by the exclusive expression mechanism. Interestingly, in the cells examined, both var promoter-driven transcripts frequently localized within the same region of the nucleus, leading us to investigate the possible existence of a var-specific expression site.
Detection of a var-specific subnuclear expression site
Investigations into the structure of the P. falciparum nucleus have identified a region of uncondensed euchromatin in the largely heterochromatic nuclear periphery (Ralph et al, 2005) . This subnuclear region has been suggested to function as a specific expression site for var promoters, and a model for mutually exclusive expression proposes that this site can accommodate only one var promoter at a time, similar to a model proposed for the mutually exclusive expression of vsg genes in African trypanosomes (Navarro & Gull, 2001 ). Furthermore, some recent publications have reported that var genes move to a different position in the nucleus on transcriptional activation (Duraisingh et al, 2005; Ralph et al, 2005; Voss et al, 2006) . However, it has not yet been determined whether active var genes move to a specific site, or whether they simply move to one of several transcriptionally competent regions of the nucleus. We were therefore interested to localize var transcription in our transgenic parasite lines containing two simultaneously active var promoters.
Using DNA-FISH and probes specific to the pVLH/IDH-FP episome or to the recombinant chromosomal gene expressing bsd, we found that the constitutively active, unpaired episomal var promoter colocalized with the active PFB1055c-driven bsd gene in greater than 90% of the transfectants selected by blasticidin (Fig 4B,C) . By contrast, less than 10% of cells showed colocalization in transfected parasite populations without blasticidin pressure and primarily expressing the endogenous var gene PFD1015c. Removal of WR99210 pressure resulted in rapid shedding of the plasmid (confirmed by quantitative PCR) and loss of luciferase signal, indicating that in all cases the pVLH/IDH-FP plasmid had not integrated into the genome.
The level of colocalization between the simultaneously active var promoters detected here (490%) was higher than previously reported for the colocalization of an active var promoter with the promoter of an unrelated, constitutively active gene (B60%; Duraisingh et al, 2005) . We also found that an active var gene frequently colocalized with the active, unrelated gene PFF1125c; however, the rate of colocalization was lower than that observed for two active var genes (supplementary Fig S1 online) . This might indicate that the nucleus of the parasite contains a limited number of sites of transcriptional activity, and thus transcriptionally active genes, regardless of promoter type, tend to colocalize frequently in these subnuclear regions. However, var promoters seem to require more strict localization into a specific subnuclear site, thus resulting in the near-complete colocalization of the two active var promoters detected in this study. This might indicate the presence in the nucleus of a localized, var-specific factor necessary for activation of var gene transcription, although this factor seems to be able to actively transcribe at least two var promoters simultaneously, suggesting that restricted accommodative capacity of the expression site alone does not explain strict mutually exclusive var gene expression. Furthermore, the two active var promoters in the FISH images frequently seemed to be immediately adjacent to one another, rather than completely overlapping, suggesting a relatively large subnuclear region (see supplementary Fig S2 online for images) . Interestingly, a silent var promoter colocalized with an active unrelated promoter approximately 25% of the time (supplementary Fig S1 online) , whereas active and silent var promoters colocalized in only 10% of cases, indicating that there might be a mechanism that actively separates active and silent var genes. Further work into the structure and function of Plasmodium nuclear subdomains will provide more information on this potentially important aspect of var gene regulation.
METHODS
Parasite culture and transfection. All experiments used the P. falciparum NF54 line cultivated by standard methods (Trager & Jensen, 1976) . Parasites were transfected by spontaneous uptake of DNA in plasmid-loaded red blood cells as described previously Expression of virulence genes by malaria parasites R. Dzikowski et al (Deitsch et al, 2001b) . Transfected parasites were selected in 4 nM WR99210 and/or 2 mg/ml blasticidin as appropriate. DNA constructs. The plasmids pVLH, pVLH/int, and pVLH/IDH-FP were described previously (Deitsch et al, 2001a; Dzikowski et al, 2006; Frank et al, 2006) . The other plasmid constructs were derived from these as described in detail in the supplementary information online.
Assays of var transcription by real-time reverse transcription-PCR. RNA extraction, production of complementary DNA and analysis of expression of the var gene family were carried out as described previously Frank et al, 2006) . Expression of virulence genes by malaria parasites R. Dzikowski et al information online). Images of nuclei were collected, randomly coded and scored independently by three individuals. RNA-FISH was carried out as described previously (Thompson, 2002) with slight modifications (see the supplementary information online). Supplementary information is available at EMBO reports online (http://www.emboreports.org).
